The objectives of the study were to compare the presence and localization of ovulation-inducing factor (OIF)/nerve growth factor (NGF) in male reproductive organs and determine the abundance in ejaculates of species representative of both spontaneous and induced ovulators. We hypothesized that the protein is a widely conserved component of semen among mammals, but is most abundant in camelids. Immunohistochemical analysis was performed on tissues from the male reproductive system of llamas, rats, cattle, bison, elk, and white-tailed deer (n = 2 males/species), and the abundance of OIF/NGF in the seminal plasma of camelids (llamas and alpacas), cattle, horses, and pigs (n = 69, 53, 24, and 16 ejaculates, respectively) were quantified by radioimmunoassay. Based on immunoreactivity in both the glandular epithelium and glandular lumen, the prostate gland was the main source of seminal OIF/NGF in llamas, the vesicular gland and ampullae in bovids (cattle and bison), and the ampullae and prostate in cervids (elk and white-tailed deer). Camelid and bovine seminal plasma induced dendritic growth in the PC 12 differentiation bioassay, but no effect was observed with equine or porcine seminal plasma. The concentration of OIF/NGF was 10 times higher in camelid than bovine seminal plasma (1.2 ± 0.21 vs. 0.10 ± 0.03; P < 0.05); OIF/NGF was not detected in equine or porcine ejaculates by radioimmunoassay. Based on tissue localization, abundance, and bioactivity, we conclude that OIF/NGF is a common protein within the male accessory glands among species, and its abundance in camelids, bovids, and cervids suggests an important role in the mechanisms of ovulation in both induced and spontaneous ovulators.
Introduction
Semen is comprised of spermatozoa carried in fluid derived from the male accessory glands and, to a lesser extent, the epididymis and testis. The male accessory glands are composed of paired ampullae of the ductus deferens, paired vesicular glands, the body and disseminate parts of the prostate, and paired bulbourethral glands [1] . These exocrine glands vary considerably among species in terms of size, secretions, and anatomical and histological structure. For example, while all glands are present in cattle [2] and horses [3] , the vesicular glands are absent in camelids [4] , dogs, and cats [1] . The prostate, whether it is confined in a solid organ (body) or dispersed in the mucosa around the pelvic urethra (disseminate), is the only accessory gland that is present in all mammals [1] . The diversity in the presence and structure of accessory sex glands among species is reflected in the physical characteristics of the ejaculate, but the contribution of each gland and the degree to which its secretions influence male fertility remains largely unknown.
Historically, seminal fluids and its constituents have been deemed essential for sperm transport, nutrition, capacitation, and fertilization (reviewed in [5, 6] ). The necessity for male accessory glands is evident by the consequence of their removal in an assortment of species. Mating of intact female mosquitoes with males whose accessory glands were removed caused a reduction in the total number of fertile eggs laid [7] . The removal of vesicular glands in mice had a negative effect on sperm progressive motility and resulted in lower pregnancy rates [8] . While the removal of vesicular and prostate glands diminished pregnancy rates in mice, no effect was observed when the coagulating gland was ablated [9] ; however, disruption of the copulatory plug in mice resulted in a sharp reduction in fertility [10] . Excision of the bulbourethral glands in llamas impaired sperm binding to the oviduct, and it was proposed that proteins secreted from this gland were needed for the formation of the oviductal-sperm reservoir [11] . These observations suggest that the importance of respective male accessory glands is species-specific and the product of one gland may be more expendable than another in terms of male fertility.
Nerve growth factor (NGF) is a 26-kDa homodimer protein that is known classically for its involvement in neuronal survival and maintenance [12] . However, its detection in semen has led to a new line of research that focuses on its effects on the female reproductive endocrine system [13] [14] [15] [16] [17] [18] . Originally referred to as ovulation-inducing factor (OIF) in seminal plasma for its potent ovulation-eliciting effect in camelids [19, 20] , results of more recent studies revealed that the seminal protein is beta nerve growth factor (βNGF) [18] . Results from a series of studies have demonstrated that systemic absorption after intrauterine, intramuscular, or intravenous administration of seminal plasma or purified OIF/NGF from seminal plasma triggers a surge in circulating concentrations of LH which leads to ovulation and corpus luteum (CL) formation (reviewed in [21] ). The endocrine response is related to the quantity of OIF/NGF or seminal plasma administered [22] : in vitro, LH release from primary pituitary culture increased when treated with higher doses of OIF/NGF or seminal plasma [23, 24] . In vivo, the preovulatory LH surge, ovulation rate, and diameter of the CL were greater with increasing doses of OIF/NGF [22] .
Several assays have been used to detect NGF within tissue and to measure NGF in fluid secretions. These include the differentiation of immortalized rat pheochromocytoma cells (PC 12 ) [18, 25] , chicken dorsal root ganglion [26] , enzyme-linked immunosorbant assay [27, 28] , radioimmunoassay [26] , and llama bioassay [20, 22, 29, 30] . Abundant levels of NGF have been detected in the salivary gland of the adult male mouse [31, 32] , snake venom [33, 34] , and the prostate gland of guinea pigs [16] . In mice, the synthesis of NGF in salivary glands begins after puberty and is higher in males than in females [12, 35] . Elevated levels of NGF in circulation appear to be related to the release of NGF from salivary glands in response to psychosocial behavior and stress [28, [36] [37] [38] . Although OIF/NGF has been detected in the semen of several species, the source of production and concentration in the semen of spontaneous and induced ovulators have not been investigated.
We hypothesize that OIF/NGF is expressed in the male reproductive tract of species considered spontaneous ovulators as well as those considered to be induced ovulators, and that camelid semen contains higher concentrations of OIF/NGF than other species. The objectives of the present study were to determine the source of OIF/NGF secretion among different mammalian species and to quantify its abundance in the ejaculate using qualitative (immunohistochemistry and PC 12 differentiation) and quantitative (radioimmunoassay) methods.
Materials and methods
Experimental procedures were performed in accordance with the animal care protocols established by the University of Saskatchewan.
Tissues and immunohistochemistry
The male reproductive organs from adult male llamas, rats, bulls, bison, elk, and white-tailed deer were used (n = 2 males/species). Tissues were dissected within 1 h of euthanasia and were fixed overnight at 4
• C in 4% paraformaldehyde and 0.1% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4). Tissues were processed to obtain 5-μm-thick paraffin sections on poly-L-lysine coated glass slides. Slides were washed three times each, first in xylene and then in absolute ethanol. Slides were dipped in a successive gradient of ethanol solutions (95%, 70%, and 50%), rinsed with distilled water (5 min in running water), and then immersed in phosphatebuffered saline (PBS; 15 min). Slides were then incubated with pepsin (2 mg/mL in 0.01N HCl; Sigma-Aldrich, Oakville, Ontario, Canada) inside a humidified chamber (for antigen retrieval), rinsed with distilled water (as described above), and immersed in hydrogen peroxide (10% in methanol; for endogenous peroxidase blocking) for 45 min. Slides were again rinsed with distilled water for 1 h at room temperature before blocking with 5% bovine serum albumin (BSA, Sigma-Aldrich, Oakville, Ontario, Canada). The primary antibody for immunohistochemical localization of NGF was polyclonal rabbit antiserum raised against human ß-NGF (1:400 in 1% BSA in PBS for all tissues except for rat (1:200); Santa-Cruz Biotechnology Inc., Dallas, Texas, USA). Slides were incubated overnight at 4
• C then washed three times for 5 min each with PBS and incubated inside a humidified chamber with the secondary antibody 1:400 in 1% BSA in PBS (polyclonal goat anti-rabbit IgG-HRP; Daka Canada, Inc. Burlington, Ontario, Canada). VECTOR VIP peroxidase substrate kit (Vector Laboratories, Inc.; Burlington, Ontario, Canada) was used for color development and VECTOR Methyl green (Vector Laboratories Inc.) was used as a counter stain. VectaMount permanent mounting medium was used for slide preservation (Vector Laboratories Inc.). Slides incubated with 1% BSA without the primary antibody were used as negative controls, and slides of adult rat dorsal root ganglia or llama prostate gland were used as positive controls. Adjacent sections were stained with hemotoxylin and eosin for normal histology assessment.
To verify the specificity of the antibody used in this study, seminal plasma samples were evaluated by western blot against NGF. Seminal plasma samples from alpacas (200 ng total protein), bulls (2.5 μg total protein), horses (2.5 μg total protein), and pigs (2.5 μg total protein) were reduced, denatured, and separated in a 12% SDS PAGE gel. Purified NGF was used as a positive control (200 ng of total protein). Separated proteins were transferred to a polyvinylidene difluoride membrane (Millipore, Burlington, MA, USA) for an hour in ice at 100 V. The membrane was rinsed for 5 min in distilled water and again for 5 min in phosphate buffered saline with Tween 20 (PBST), and nonspecific binding sites in the membrane were blocked by incubating the membrane in PBST with 2% BSA (Sigma-Aldrich, Oakville, Ontario, Canada) for an hour at room temperature in a shaker. Two primary antibodies against NGF were used: an affinity purified rabbit polyclonal antibody (diluted 1:1000; Santa Cruz Biotechnologies, Dallas, TX, USA) and sheep antiserum (diluted 1:3000; CLMCNET-021, Cedarlane, Burlington, Ontario, Canada). Primary antibodies were diluted in PBST with 1% BSA and incubated overnight at 4
• C. The following day, membranes were washed six times in PBST for 5 min each, and a donkey anti-sheep antibody conjugated to horseradish peroxidase (Jackson Immunoresearch, West Grove, PA, USA) was applied to the membrane at a dilution of 1:50,000 for an hour at room temperature in a shaker. The membrane was washed six times in PBST for 5 min per wash, incubated in enhanced chemiluminescence reagent (Clarity, Bio-Rad, Hercules, CA, USA) for 5 min, and imaged in a ChemiDoc system (Bio-Rad, Hercules, CA, USA). Blot images were acquired in a fashion to minimize pixel saturation (Supplemental Figure S1 ). The overall presence and distribution of positively labeled tissue were examined by light microscopy at low magnification (400×); high magnification was used for analysis of intensity and cellular localization (1000×). A minimum of 15 fields were visualized for each slide for the assessment of positive cells in the mucosa, submucosa, muscularis, and serosa/adventitia layers. All tissue sections were analyzed by the same observer and scored based on NGFstaining intensity as +++(very strong), ++(strong), +(moderate to weak) ± (faint), -(absent), or ND (not determined).
Semen collection and handling
Ejaculates (n = 69) were collected from male llamas (n = 5) and alpacas (n = 12) using an artificial vagina and phantom-mount [39] during June and July (summer) near Saskatoon, Saskatchewan (52 • N, 106
• W, and 482 m above sea level). Briefly, males were introduced to a receptive female and allowed to mount. Once libido was stimulated, the male was transferred to an adjacent phantommount fitted with an artificial vagina. Males included in the study were selected from larger groups at each of three farms based on acceptance of the phantom-mount and artificial vagina. Successive ejaculates from individual males were collected with at least one full day of rest between collections. Ejaculates were centrifuged at 400× g for 15 min, and the supernatant was centrifuged again at 1500× g for 15 min. The seminal plasma was decanted, and an aliquot was examined under a light microscope. If spermatozoa were detected, the centrifugation process was repeated until no spermatozoa were detected in the seminal plasma [20, 40] . The seminal plasma of individual ejaculates was then stored at -80
Semen was collected from bovine bulls by electro-ejaculation (n = 53 ejaculates; n = 36 bulls), from stallions by artificial vagina (n = 6 stallions, n = 4 ejaculates/stallion), and from boars by the gloved-hand method (n = 4; n = 4 ejaculates/boar), as previously described [30] . The gel fraction of equine and porcine ejaculates was removed immediately after collection. Ejaculates were centrifuged, and seminal plasma was decanted and examined to ensure the removal of spermatozoa, as described for llamas and alpacas. Seminal plasma was stored at -80
• C. Upon thawing, an aliquot of seminal plasma was pooled within species for use in development of a radioimmunoassay and the PC 12 bioassay; quantification of OIF/NGF was performed on individual ejaculates.
OIF/NGF purification from llama seminal plasma
After thawing, pooled llama/alpaca seminal plasma was eluted by hydroxyl apatite column chromatography to obtain a partially purified fraction that was furthered purified by FPLC [18, 40] . Approximately 6 mg of purified llama OIF/NGF was diluted in PBS (pH 7.4) to a stock solution of 1.0 mg/mL. The diluted, purified OIF/NGF was stored in 10 μL aliquots at -80
• C and used as positive control for in vitro bioassay and as reference material for development of the radioimmunonassay (see below). An in vivo llama ovulation bioassay was used to validate the bioactivity of purified OIF/NGF, as described previously [40] . Ovarian follicular development of mature llamas (n = 6) was monitored for at least three consecutive days by transrectal ultrasonography. When a growing follicle ≥7 mm in diameter was detected, the llama was assigned randomly to one of two groups and treated intramuscularly with 2 mL of purified OIF/NGF (500 μg in saline) or saline (n = 3/group, Day 0 = day of treatment). Llamas were examined by transrectal ultrasonography on Days 3 and 7 to detect the disappearance of the ovulatory follicle (i.e., ovulation) and the subsequent formation of a CL.
In vitro bioassay of OIF/NGF from seminal plasma of different species
Immortalized rat pheochromocytoma (PC 12 ) cells were cultured according to the method previously described [25] . Briefly, the PC 12 cells were grown in a 75 cm 2 Falcon cell culture flask (BD Bioscience, San Jose, California, USA) at 37
• C in 5% CO 2 in RPMI 1640 medium (Sigma-Aldrich, Oakville, Ontario, Canada) with 10% heat-inactivated horse serum (Life Technologies, Burlington, Ontario, Canada), 5% fetal calf serum (HyClone; Thermo Scientific, Logan, UT, USA), 25 U/mL penicillin, and 25 μg/mL streptomycin. Cells were cultured in vitro on laminin-coated 6-well tissue culture dishes (BD Bioscience, San Jose, California, USA) at a concentration of 2 × 10 6 cells/well for 24 h before treatment.
To detect the presence or absence of OIF/NGF in the seminal plasma of different species, the culture medium was aspirated and replenished with fresh medium containing 50 ng/mL recombinant NGF (Sigma-Aldrich, Oakville, Ontario, Canada; positive control), 1 μg/mL seminal plasma-derived OIF/NGF, and 5 μL of undiluted seminal plasma from llamas/alpacas, bulls, horses or pigs (3 wells/treatment). As the amount of OIF/NGF was unknown in each sample, a volume of 5 μL was chosen arbitrarily. All media with respective treatments were passed through a 0.22-μm filter (Millipore, Billerica, MA, USA) immediately before use. Two days after the start of in vitro culture, the medium was replenished with respective treatments. Cells were observed daily to monitor changes in cell morphology using an inverted microscope at 400× magnification. Four days after the start of in vitro culture, the wells were scored as differentiated or undifferentiated. Cells were scored as 'differentiated' if they contained dendritic processes that were ≥2× the length of the cell body.
To confirm that PC 12 differentiation was associated with OIF/NGF in seminal plasma, rabbit polyclonal βNGF antibody (Santa-Cruz Biotechnology Inc.) was added to the culture medium. Cells were cultured, as described above. Following a 24-h culture period, cells (n = 4 wells/group) were given fresh medium containing 1 μg/mL purified OIF/NGF or cytochrome c. Cytochrome c was chosen as a negative control due to its similar molecular weight and isoelectric point as NGF. At the time of treatment, rabbit polyclonal βNGF antibody (1:1000; Santa-Cruz Biotechnology Inc.) was added to half of the wells (n = 2/group). Two days after culture, the medium was replenished with respective treatments. Cells were monitored, using an inverted microscope, for four days after the first treatment. Cells were scored as 'differentiated' if they contained dendritic processes that were ≥2× the length of the cell body. The total number of differentiated cells in 10 microscopic fields (at 40× magnification) per well (total of 20 fields per treatment group) were counted.
NGF/OIF radioimmunoassay development
Purified, biologically active OIF/NGF isolated from pooled llama/alpaca seminal plasma was labeled with 125 I by the chloramine-T method [41] . Phosphate buffer (0.25 M; pH 7.5) was prepared using sodium dihydrogen orthophosphate (monobasic) and disodium hydrogen orthophosphate heptahydrate (VWR, Radnor, Pennsylvania, USA). A total of 2 μg of purified OIF/NGF was added to 20 μL of 0.25 M phosphate buffer. Dissolved protein was then added to 125 I (1 mCi; Perkin Elmer, Massachusetts, USA). Chloramine T was added to the reaction, vortexed, and incubated at room temperature for 90 s. Sodium metabisulfite was added to stop the reaction. The iodinated peptides were purified by column chromatography (PD-10 column; Bio-Rad Laboratories, Inc., Hercules, California, USA). PBS with gel was used as an eluent and 1-mL fractions were collected into 12 × 75 mm borosilicate tubes. Radioactivity was assessed in 5 μL aliquots of each fraction by gamma counter. Serial dilutions of recombinant human βNGF (Sigma-Aldrich, Oakville, Ontario, Canada), purified OIF/NGF, and llama seminal plasma were made and combined with four different concentrations of rabbit polyclonal βNGF antibody (Santa-Cruz Biotechnology Inc.) to optimize binding specificity. The working dilution of 1:1000 rabbit βNGF polyclonal antibody was chosen for all subsequent studies. To determine cross-reactivity with other neurotrophins, serial dilutions of purified brain-derived neurotrophic factor (BDNF) and neurotrophin-4 (NT-4) were made and combined with 1:1000 dilution of rabbit NGF antibody. Specificity was also tested by comparing the specific binding after addition of either llama OIF/NGF or BSA to different dilutions of llama blood plasma, and llama or bull seminal plasma.
Antibody binding was tested by comparing the profile of displaced iodinated OIF/NGF from anti-NGF antibody binding sites using increasing volumes of seminal plasma from llamas/alpacas, bulls, horses, and pigs. Seminal plasma dilutions were made with PBS containing 1% polyethelene glycol (PEG). The amount of OIF/NGF in samples (unknowns), standards, and references (25 and 100 μg purified OIF/NGF for low and high references, respectively) were measured in duplicate. The standard curve ranged from 0 to 200 μg/mL. A volume of 0.1 mL of sample was placed in glass tubes and incubated with rabbit NGF antibody (1:1000) overnight at 4
• C. The following day, 0.1 mL of 125 I-NGF (containing 10,000 cpm) was added, vortexed, and incubated at 4
• C overnight. Goat-anti-rabbit serum (0.5 mL; 1:500) and 5% PEG (0.5 mL) was made in-house [42] and were added to each tube, vortexed, and incubated at 4 • C overnight. Tubes were centrifuged at 3000× g and the supernatant was decanted. The relative amount of unbound tracer in each tube was measured by gamma counter.
Total protein quantification
Total protein concentrations for llama/alpaca and bovine seminal plasma were measured by Bradford's method [43] (Bio-Rad Laboratories, Mississauga, Ontario, Canada). A standard curve was generated using bovine gamma-globulin standard (Bio-Rad Laboratories).
Seminal plasma samples were diluted in saline (v:v) 1:2, 1:4, 1:10, 1:25, 1:50, and 1:100, and values which fell within the numerical values of the standard curve were used.
Statistical analyses
Student t-test was used for comparison of OIF/NGF and total protein concentration between llama/alpaca and cattle seminal plasma samples by radioimmunoassay. Equine and porcine samples were excluded because concentrations of OIF/NGF fell below the detection limit of the assay. Analysis of variance using the PROC MIXED procedure was used to compare the number of differentiated PC 12 cells among groups. Tukey multiple comparison was used as a post hoc test when a treatment effect was detected (P < 0.05). Statistical analyses were made using SAS software (Statistical Analysis System Institute Inc., Cary, NC, USA).
Results
The distribution and intensity of immunoreaction to OIF/NGF in the male reproductive tissues of each species are summarized in Table 1 . Data on tissue localization of OIF/NGF within the male reproductive tissues are presented below by species (llama, rat, cattle, bison, elk, and white-tailed deer, respectively), and immunolocalization within the accessory glands expressing the greatest signal in each species is illustrated in Figures 1 to 5 . Bioassay and radioimmunoassay data on the abundance of OIF/NGF in the seminal plasma are presented last and summarized in Tables 2 and 3 , and Figure 6 . A protein band was detected at a mass of 13 kDa by both antibodies in purified OIF, alpaca seminal plasma, and bull seminal plasma. OIF was undetectable in horse seminal plasma, whereas pig seminal plasma displayed an immunoreaction that was associated with a major band when the membrane was stained for total protein. Serial dilutions of pig seminal plasma probed with rabbit anti-NGF, revealed no bands; i.e., NGF was undetectable in porcine seminal plasma (Supplementary Fig. 1 ).
OIF/NGF immunolocalization-llamas
Immunostaining of ßNGF was detected in the connective tissue of all reproductive organs ( Table 1 ). The detection of OIF/NGF was greatest in the glandular epithelium of body and disseminate parts of the prostate (+++). The protein was localized in the apical region of epithelial cells and frequently found within the lumen of glandular endpieces (Figure 1 ). The scarcity of OIF/NGF-negative epithelial cells suggests that most if not all acini contained OIF/NGF. Intracytoplasmic presence of OIF/NGF was characterized as granular (i.e., appeared to be stored in secretory vesicles of different sizes). Based on the appearance and size of epithelial cells and their nuclei, all cells appeared to be of same cell type and were OIF/NGF-positive. The Table 1 . OIF/NGF immunoreactivity in the male reproductive organs of both induced and spontaneous ovulators (L: Llamas, C: Cattle, B: Bison, E: Elk, WTD: White Tail Deer, R: Rat). Relative OIF/NGF staining intensities were graded: +++(very strong), ++(strong), +(moderate to weak), ±(faint), -(absent), nd (not determined), shaded cells (species-specific absence of accessory gland).
Epithelium
Lumen abundance of OIF/NGF detected in the secretory acini was markedly less in the disseminate portion of the prostate gland ( Figure 1A and C). Where OIF/NGF was detected in the lumen of glands in the disseminate prostate, many acini were devoid of OIF/NGF in the epithelium, and the number of cells containing OIF/NGF within a single acinus was lower compared to the body of the prostate ( Figure 1C) . The perinuclear distribution of OIF/NGF in several cells illustrates protein translation and storage to secretory vesicles ( Figure 1B and D) . Another discernible difference was the abundance of OIF/NGF detected in endothelium of blood vessels within the disseminate prostate ( Figure 1D ). Diffuse positive staining was found in the connective tissue closest to the acini; detection of OIF/NGF was lesser in connective tissue around vessels.
The seromucus-secreting epithelium of the ampullae had no immunoreaction to anti-OIF/NGF, while faint scattered staining was detected in the bulbourethral gland. OIF/NGF-positive regions of bulbourethral glandular epithelium were few and found in the most apical region of the cells. Immunoreactive OIF/NGF was not detected in the penile urethra, epididymis (head, body or tail), the seminiferous tubule epithelium, or the spermatozoa within the testes and epididymides. Myoid epithelial cells surrounding the seminiferous tubules were positive for OIF/NGF (++). A strong reaction was detected in the vascular endothelium and connective tissue fibers in the stroma and rete testes, but not in the interstitial cells.
OIF/NGF immunolocalization-rats
Immunostaining for OIF/NGF was not detected in the epithelium of any of the accessory sex glands, but positive staining was observed in the lumen of blood vessels in the coagulating gland ( Figure 2D ). The connective tissue was OIF/NGF-positive within all organs but was variable in intensity (Table 1) . Immunopositive staining was detected in stereociliated cells of the head of the epididymis in scattered regions, but the reaction did not extend into the body or tail of the epididymis and was variable among individuals (Figure 2A and B). Intense staining was observed in interstitial cells in discrete aggregates throughout the testes.
OIF/NGF immunolocalization-cattle
Tissue OIF/NGF immunoreactivity in bulls is summarized in Table 1 and illustrated in Figure 3 . In contrast to llamas, OIF/NGF was detected within the epithelium of the ampullae. The degree of reactivity to OIF/NGF varied among glandular acini. Immunostaining was strongest in the apical region of the glandular epithelium and was also detected in the lumen of the ampulla. Spermatozoa within the lumen of the ampulla, however, were OIF/NGFnegative. The distribution of OIF/NGF reactivity in the vesicular gland was similar to that in the ampulla. No immunoreactivity was observed in the transitional epithelium lining the penile urethra or the endothelium of the venous sinuses of the corpus spongiosum and corpus cavernosum. The connective tissue surrounding the corpus spongiosum contained more OIF/NGF-positive fibers than the corpus cavernosum. OIF/NGF staining was evident in the smooth muscle layers surrounding the epididymis and blood vessels.
Weak staining was detected in the bulbourethral gland, and was confined to connective tissue and smooth muscle. Immunoreactivity to OIF/NGF was localized to the body of the prostate in glandular epithelial cells (Table 1) .
In the testis, OIF/NGF immunoreactivity was observed in the myoid epithelial cells around seminiferous tubules. Round and elongated spermatids and interstitial cell cytoplasm were OIF/NGF negative. The vascular endothelium in the testes and all regions of the epididymis were OIF/NGF-positive. The nuclei in the epithelium of the tail of the epididymis displayed a weak immunoreactive response.
OIF/NGF immunolocalization-bison
The ampulla and vesicular gland had the greatest immunoreactive response among accessory glands in bison (Table 1 and Figure 4) . Positive staining was detected in the connective tissue of the bulbourethral and prostate glands, but not in the glandular epithelium or lumen. The reactivity of the body of the prostate is similar to that observed in the disseminate prostate: no reactivity was seen in the glandular epithelium nor lumen. Although OIF/NGF immunoreaction was detected in both bison bulls, the vesicular glands in one had more OIF/NGF in the epithelium and lumen than in the other, where several acini were devoid of OIF/NGF.
Positive OIF/NGF sites were detected in the smooth muscle layers around the epididymal epithelium. The nuclei of myoid cells found at the interface of the basement membrane and the lamina propriasubmucosa expressed OIF/NGF strongly, along with other stellateshaped nuclei in that region. The fibers within this region did not have uniform affinity to anti-OIF/NGF. Scattered fibers of similar diameter but variable lengths were strongly reactive in the stroma. The arbitrary arrangement of these fibers as well as branching is consistent with terminal nerve tracts found in connective tissue. The nuclei of neurolemmocytes within peripheral nerve bundles as well as nerve axons contained OIF/NGF. 
OIF/NGF immunolocalization-elk
Ovulation-inducing factor/NGF was detected in the lumen and glandular epithelium of the ampulla, but not in the glandular portion of any other accessory gland ( Figure 5 ). No immunoreactivity was observed in the seminiferous epithelium or interstitial cells of the testis. A strong positive reaction was detected in the connective tissue of all organs examined, and were interpreted as tissue innervation around blood vessels (Table 1) .
OIF/NGF immunolocalization-white-tailed deer
Immunoreactivity was detected in the epithelium and lumen of the prostate ( Table 1 ). The intensity of the detection in the epithelium was weak; several cell nuclei had a moderate reaction and reaction product within the glandular lumen was scattered and infrequent. The bulbourethral gland had a weak reaction and was confined to the nuclei within the epithelium. The nuclei of the cells of the epididymis were also positive. Strong immunoreactivity was detected in the smooth muscle cells surrounding the epididymal tubules.
Bioassays
The biological activity of OIF/NGF purified from llama/alpaca seminal plasma was confirmed by an in vivo llama bioassay and an in vitro PC 12 differentiation assay. All female llamas were given purified OIF/NGF derived from pooled llama/alpaca seminal plasma ovulated (3/3; 100%) while none of those were treated with saline ovulated (0/3; 0%). Thus, the purified OIF/NGF was deemed suitable for subsequent studies.
The proportion of in vitro culture wells containing PC 12 cells that displayed dendrite growth was similar among plates treated with recombinant NGF (3/3, 100%), purified OIF/NGF (3/3, 100%), llama seminal plasma (3/3, 100%), and bull seminal plasma (3/3, 100%). Cells treated with seminal plasma from horses or pigs did not differentiate. The number of PC 12 cells induced to differentiate (dendrite growth) was greater in wells treated with OIF/NGF than in those treated with cytochrome c (P < 0.05), and was decreased by the addition of anti-NGF (P < 0.05; Table 2 ).
Radioimmunoassay of OIF/NGF in semen
A total of 69 and 53 ejaculates were collected from llama/alpaca and cattle, respectively. Parallel displacement curves were observed with recombinant NGF, OIF/NGF, llama, and bull seminal plasma ( Figure 6 ). Competition for antibody binding sites was observed in samples spiked with OIF/NGF but not with BSA. In addition, no displacement was found with either NT4 or BDNF neurotrophins, demonstrating the specificity of the assay. The lowest detectable limit was 10 μg/mL. The intra-assay coefficients of variation for the high (100 μg) and low references (25 μg) were 6 and 11%, respectively.
The total protein concentration was more than 40-fold greater in bull seminal plasma than llama/alpaca seminal plasma (P < 0.0001), but the OIF/NGF concentration was less than 1/10th that of llama/alpaca seminal plasma (P < 0.05; Table 3 ). No specific binding or parallel displacement was detected by radioimmunoassay with equine seminal plasma. OIF/NGF represented 27.2% of total protein in llama/alpaca seminal plasma, and 0.2% of total protein in bull seminal plasma (P < 0.05).
Discussion
Contrary to our expectation that the source of this widely conserved protein would be the widely conserved prostate gland, the principal source of OIF/NGF in seminal plasma was different among species. Of the six species examined in this study, the llama, bull (cattle), and white-tailed deer had immunoreactivity to OIF/NGF in the mucosa of the prostate. Based on the presence of immunoreactivity in both the glandular epithelium and glandular lumen, the prostate gland was the main source of seminal OIF/NGF in llamas and alpacas, but was the vesicular gland and ampullae in bovids (cattle and bison), the ampullae and the prostate in cervids (elk and white-tailed deer, respectively). The abundance of OIF/NGF immunoreactivity in the llama prostate corroborates the high level found in seminal plasma. The peri-nuclear localization of OIF/NGF and the pattern of OIF/NGF storage in the llama prostate gland suggest that this protein is packaged in secretory vesicles.
An objective of this study was to further understand the importance of OIF/NGF in seminal plasma between animals categorized as spontaneous and induced ovulators. The differences in the abundance and distribution of OIF/NGF that were observed in the present study may relate to the biological importance of OIF/NGF in the respective species. Female llamas and alpacas ovulated in response to hetero-specific seminal plasma but at a rate significantly lower than in response to camelid seminal plasma [29, 30, 44] . In contrast, neither prepubertal heifers nor mature cows ovulated in response to treatment with seminal plasma or purified OIF/NGF [45, 46] . However, bovine seminal plasma given to cows at the time of estrus resulted in more synchronous ovulations, and tended to stimulate a more rapid increase in circulating progesterone concentration [46] , similar to the luteotrophic effect seen previously in heifers (increase in CL diameter and plasma progesterone concentration) [45] . While OIF/NGF did not influence LH secretion and did not cause ovulation in cattle, treatment was associated with the release of FSH and earlier wave emergence [45] . Using an in vitro primary culture of pituitary cells, it appears that the trkA receptor mechanism for LH secretion is conserved in mice [24] , llamas, and cattle [23] . In addition, seminal plasma has also been associated with an ovulatory role in mice [30] , and estrous synchronization and luteogenesis in pigs [47] [48] [49] .
The extraordinary difference in the abundance of OIF/NGF among species suggests a greater physiological importance in camelids. OIF/NGF represented approximately 27% of total protein in llama/alpaca ejaculates and less than 1% of total protein in bovine ejaculates. The difference in the concentration of OIF/NGF in the seminal plasma of these species was confirmed by PC 12 differentiation assay. The difference in OIF/NGF concentration in the seminal plasma between these two species is consistent with the ovarian response in vivo. Seminal plasma from bulls induced ovulation in camelids at a rate comparable to that of llamas only when the amount of bovine semen given was increased to an estimated equivalent dose of OIF/NGF [44, 46] . This, and the finding that the endocrine and ovarian response to OIF/NGF is dose-dependent in camelids [22] , provides rationale for the hypothesis that male fertility is positively related to the amount of OIF/NGF in the ejaculate.
Differences in the abundance of OIF/NGF in the ejaculate and tissues may be influenced by uncontrolled factors in the present study, such as the method of semen collection and season. A comparison of the seminal plasma proteome in cats where semen was collected by electro-ejaculation or urethral catheterization revealed that while total protein did not differ, two proteins were absent and the abundance of three different proteins were higher in samples collected by electro-ejaculation [50] . Similar results were found in Guirra rams [51] . Although camelids and cattle are not seasonal breeders, twodimensional electrophoresis of ram seminal plasma identified at least 16 proteins which quantitatively changed in relation to the season [52] .
Interestingly, no OIF/NGF was detected in the seminal plasma of horses or pigs by either PC 12 assay or by radioimmunoassay in the present study. In a recent study involving multidimensional chromatography to compare seminal plasma proteins among species, OIF/NGF was found in the seminal plasma of bulls, stallions, and camelids but not detectable in boars [53] . This is in contrast with the results of a previous study in which boar seminal plasma given intramuscularly induced ovulation in 18% (3/17) llamas [30] . In the latter study, however, the biological response was observed using a volume that was five times greater than that of llama seminal plasma. It would appear that, although present in equine and porcine seminal plasma, the concentration is lower than the 10 μg/mL detection limit of our radioimmunoassay.
One of the most interesting observations from this study was the abundance of OIF/NGF within the vascular endothelium. Fighting episodes, male aggression, or stress in mice caused a dramatic increase in circulating concentrations of NGF [38, 54, 55] and in both mRNA and protein levels in the hypothalamus [37] . The administration of testosterone propionate did not elevate NGF levels in nonaggressive males but augmented serum NGF levels in aggressive males [54] . In mice, the salivary glands were considered the principal source of NGF secretion related to aggressive episodes since no change in NGF concentration was observed after the mandibular salivary glands were removed [38, 54] . The dichotomous results observed in rats in the present study are enigmatic and deserve further investigation. Perhaps the dynamics of NGF expression related to maturity, dominance, or aggression in rodents confounded interpretation of the immunolocalization of OIF/NGF in the epididymis of the rat. Furthermore, detection of OIF/NGF in the vascular endothelium and lumen in male reproductive tissue suggests additional sources of OIF/NGF in circulation.
Of the six species examined in this study by immunohistochemistry, the llama, bull (cattle), and white-tailed deer had immunoreactivity to OIF/NGF in the mucosa of the prostate. The primary seminal source of OIF/NGF was the prostate gland in llamas, the vesicular glands and ampullae in bovids (cattle and bison), and the ampullae and the prostate in cervids (elk and white-tailed deer, respectively). Of the four species examined by assay of the seminal plasma, only camelid and bovine seminal plasma induced dendritic growth in the PC 12 bioassay, and camelid seminal plasma had a concentration of OIF/NGF that was 10 times higher than that of bovine seminal plasma. The ubiquity of OIF/NGF in the male accessory glands of different species and its abundance in the seminal plasma of species representative of both induced ovulators and spontaneous ovulators hints at a fundamental role for NGF in reproductive processes. Use of the methodology developed in the present study will enable testing of the hypothesis that male fertility is positively related to the amount of OIF/NGF in the ejaculate.
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Supplementary Figure S1 . Detection of NGF in seminal plasma samples by western blot. Samples of seminal plasma from alpacas (ASP; 200 ng total protein), bulls (BSP; 2.5 μg total protein), horses (HSP; 2.5 μg total protein), and pigs (PSP; 2.5 μg total protein) were immunodetected with a rabbit polyclonal antibody against NGF (A), and sheep antiserum against NGF (B). OIF was used as a positive control (first lane; 200 ng total protein). A 13-kDa protein band was detected by both antibodies in purified OIF, alpaca seminal plasma, and bull seminal plasma. OIF was undetectable in horse seminal plasma, whereas pig seminal plasma displayed an immunoreaction that was associated with a major band when the membrane was stained for total protein (Coomassie blue; lower panel in each blot). A dilution series of pig seminal plasma was probed with rabbit anti-NGF to evaluate the presence of NGF (C). NGF was undetectable in porcine seminal plasma.
